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Stable magnetic state in the transition metal (TM) doped zincblende (ZB) type compounds ðAl1xMxÞSb
and ðGa1xMxÞAs are investigated on the basis of density functional theory, where M is the 3d TM atom
namely Ti, V, Cr, Mn, Fe, Co, Ni and x is the fractional concentration of M. The electronic states and
magnetic properties are calculated using the ﬁrst-principles self-consistent Korringa-Kohn-Rostoker
(KKR) Green's function method combined with the coherent potential approximation (CPA). Some of
the calculated properties of ZB type materials ðAl1xMxÞSb and ðGa1xMxÞAs exhibit stable ferromagnetic
(FM) states relative to a corresponding disorder local moment (DLM) states. The total energy difference
between FM and DLM states per unit cell is used to estimate their Curie temperature (TC) within the
mean-ﬁeld approximation. The calculated TC in Mn, and Cr doped cases are found to be above the room
temperature (RT), whereas in Ti, and V doped cases TC remain below the RT. In addition, TC increases with
doping concentrations in a range of dilute limit (xz 20%) of magnetic atoms. On the other hand, Fe, and
Co doped materials exhibit FM instability due to the dominating super-exchange interaction over the FM
one.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The dilute magnetic semiconductor (DMS) [1] has attracted
much attention for their possible applications in the spin-based
electronic devices [2]. Usually, DMS is formed when group II-VI
and III-V semiconductors are doped with magnetic atoms. The
spins of electron along with its charge can be exploited in the spin-
based devices, which will increase the efﬁciency and decrease the
size of the electronic devices. Spintronic materials are integral part
of modern technology because they are widely used in the elec-
tronics industry due to their unique properties and the sophisti-
cation with which they are grown.
Magnetic semiconductors are designed computationally by
introducing magnetic atoms into the host nonmagnetic semi-
conductor materials, which control their magnetic properties. Most
of the studies on DMS and their heterostructures were focused on
II-VI semiconductors, for instance ZnS, ZnSe, CdS, CdTe and so on,
where the valence of the cations equals that of the commonrch in Sciences (CARS), Uni-
B.V. This is an open access article umagnetic ions such as Mn [1]. Although II-VI type DMS is relatively
easier to grow its thin ﬁlms and prepare in bulk, but it is quite
difﬁcult to dope them to create heterostructures. This is one of the
main reasons for less attractive of II-VI type DMS in applications. In
contrast, III-V type DMS is compatible with the present day elec-
tronics even for highly magnetic ion doped compounds. Therefore,
III-V type DMS opens up the scope of incorporating a variety of
magnetic phenomena in the existing optical and electrical devices.
Various DMS have been investigated both theoretically and
experimentally [3e15] for their half metallic ferromagnetic [4] and
antiferromagnetic [7] natures with a perfectly spin polarization at
the Fermi level. The carrier induced magnetic properties of DMS
such as (Ga,Mn)As has demonstrated that the Curie temperature
(TC) can be controlled by changing the carrier density [8]. The
estimated low TC of some DMS have limited applications. Many
efforts have been devoted to ﬁnd ferromagnetic DMSwith TC higher
than room temperature (RT). Therefore, in recent research works
several host semiconductors doped with transition metals (TM)
have been investigated for understanding TC, which is higher than
RT. Dietl et al. described the carrier induced ferromagnetism and
predicted some TC exceeding the RT by exploiting Zener's p-d ex-
change model based on a mean ﬁeld theory [9].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
M. Shahjahan et al. / Computational Condensed Matter 9 (2016) 67e7168In this paper, we present a systematic calculation of magnetic
phase stability and phase transition temperature TC in zincblende
(ZB) type DMS such as ðAl1xMxÞSb and ðGa1xMxÞAs, where M is
taken as the 3d TM atoms and x is the fractional concentration ofM.
The total energy per unit cell of the ZB type structure is calculated
for ferromagnetic (FM) state with magnetic moments pointing in
one direction and for disordered local moment (DLM) state with
magnetic moments randomly oriented such that the net magneti-
zation becomes zero. However, lower energy state in FM phase
compare to the corresponding DLM phase indicates the stable
magnetic state.We have sought such stable states in our calculation
and hence have calculated TC and other magnetic properties.
The paper is organized in the following way: theoretical
frameworks of calculation is described in Section 2; in Section 3, we
present the details calculation of magnetic phase stability, TC, and
the trends of magnetic properties with concentrations of M atoms.
The article is brieﬂy concluded on calculated results in Section 4.2. Methods of calculation
Magnetic states and their properties are calculated using the
ﬁrst-principles self-consistent Korringa-Kohn-Rostoker (KKR)
Green's function method [16]. Calculation of electronic states is
performed within the local spin density approximation (LSDA) and
non-relativistic approximation of Kohn-Sham equation. LSDA is a
class of approximation of the exchange-correlation (XC) energy
functional [17] that depends upon the value of the electronic
density at each point in space. Mufﬁn-tin shape potential is used in
the calculation where the potential was assumed to be spherically
symmetric inside the atomic sphere and constant in the interstitial
regions. The atomic sphere approximation is also used to analysis
the consistency of some calculations. The M atoms are introduced
randomly at the cation sites of the host ZB matrix. The substitu-
tional disorder is described by the coherent-potential approxima-
tion (CPA) [18]. In the CPA scheme, conﬁgurational average of
locally disordered alloys are taken into account within a single-site
approximation. Therefore, we can simulate arbitrary concentra-
tions of M impurities without using a large supercell. The KKR
method combined with the CPA is a standard procedure used to
treat disordered systems by introducing an ordered lattice of
effective potential. The electronic wave functions are calculated up
to [ ¼ 2, where [ is the angular momentum quantum number
deﬁned at each atomic site. Irreducible part of the Brillouin zone is
sampled with 328 k sampling points for the ZB type DMS in our
calculations. For convenience, the lattice constants of 6.135 Å and
5.653 Å [19,20] of the host structures AlSb and GaAs, respectively
are considered ﬁxed at the values in theM doped crystal structures.Fig. 1. (a) Unit cell (here AlSb) of zincblende structure. (b) The energy difference (DE) per u
atoms. The solid (dotted) line is plotted for 10% (5%) concentrations of M atoms. A positiveThe unit cell of ZB structure is shown in Fig. 1(a), which is a pictorial
view of binary compounds (here AlSb) with two face centered cubic
sublattices of cations and anions having four atoms in each case.
Throughout the present calculations, we used the KKR-CPA package
“Machikaniyama” coded by Akai [21].
3. Results and discussion
We have discussed the stable magnetic state and TC in the
compounds ðAl1xMxÞSb and ðGa1xMxÞAs with M ¼ Ti, V, Cr, Mn,
Fe, Co, and Ni TM impurities doped at the cation sites of the host
semiconductors. The FM states of the mentioned DMS are
described as ðAl1xM[x ÞSb and ðGa1xM[x ÞAs. In general, d states of
M impurity atoms show large hybridization with the conduction
band electrons of the host semiconductors. As a result, a saturated
magnetic moment appears in the compound systems. If the mag-
netic moments ofM atoms are parallel to each other and if there is a
net magnetization in the system then the state of DMS is termed as
the FM state. Another state we deﬁne as the DLM state, which is
described as

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[
x
2
MYx
2

Sb and

Ga1xM
[
x
2
MYx
2

As, where mag-
netic moments of M atoms are randomly oriented with respect to
each other and the system exhibit no net magnetization. Up and
down arrows in the compounds indicate the direction of the local
moments of theM impurities. The total energies (TE) of both the FM
and DLM states per unit cell are calculated to ﬁnd the energy dif-
ference DE ¼ TE(DLM)TE(FM), which is needed to calculate the
property of the FM state of the preferred materials.
3.1. Aluminium Antimonide (AlSb) type DMS
In this section, the magnetic properties of M doped aluminium
antimonide type DMS ðAl1xMxÞSb are investigated with the ab-
initio calculation. Fig. 1(b) depicts the calculated total energy dif-
ferenceDE in mRy for 5% and 10% concentrations of impurity atoms,
where the dashed zeroline is the separator between FM and DLM
states. The solid line (dotted line) indicates the energy difference
for 10% (5%) concentrations of M atoms. The positive DE here de-
notes the lower energy situation of FM states and vice versa.
Therefore, from Fig. 1(b) it is seen that Ti, V, Cr, and Mn doped
cases exhibit the stability of FM state, whereas Fe, and Co doped
compounds show the lower energy situation of DLM state. The Ni
doped compound exhibits the non-magnetic behaviour at the
present range of concentrations. There are several features, which
can be pointed out from the graph; ﬁrstly, the DLM state is the
lowest energy state with Co doped compounds; secondly, with Fe
doped compounds, the energy difference is going to be smaller and
yet shows the dominating DLM state; thirdly, the total energynit cell of (Al,M)Sb between the FM and DLM states for a series of 3d transition metal
energy difference indicates the stability of FM state relative to the DLM state.
Fig. 2. Energy difference DE in mRy per unit cell for a range of 0% (nonmagnetic) to 20% (a) Mn in (Al,Mn)Sb, and (b) Cr in (Al,Cr)Sb concentrations.
M. Shahjahan et al. / Computational Condensed Matter 9 (2016) 67e71 69difference for 10% M doped case is higher than that of 5% M doped
case and this trend is consistent with the prediction given by Dietl
et al. [9].
Fig. 2(a) and (b) show the energy difference DE in mRy between
FM states of (Al,Mn)Sb and (Al,Cr)Sb and their respective DLM
states as a function of impurity concentration. From the ﬁgures, it is
easy to infer that the energy difference for both the compounds
gradually increases with the increasing concentrations ofM atoms.
This trend is almost linear for the lower concentrations ofM atoms,
whereas for the higher concentrations the increasing pattern be-
comes closely steady.
The energy difference DE is the central parameter for estimating
magnetic transition temperature in the Heisenberg model of the
mean ﬁeld approximation (MFA). In Heisenberg model, the
Hamiltonian for the spin-spin interaction can be written as
H ¼ PisjJij S
!
i S
!
j, where S
!
i ( S
!
j) is the spin at site i (j) and Jij is the
exchange coupling constant between sites i and j. The Heisenberg
model to calculate TC is connected with the Brillouin function and
the total energy difference obtained in the ﬁrst-principles calcu-
lation as DEðxÞ ¼ S2x2 P
ns0
Jn0 [6]. The Brillouin function is
expressed as kBTC ¼ ð2=3ÞS2x
P
ns0
Jn0, where kB is the Boltzmann
constant, x is the concentration of M atoms and n sums over the
sites. The expression TC ¼ 2DE=ð3xkBÞ [4] is used to calculate TC,
which is reported in this paper.
Calculated TC in kelvin (K) against concentrations of Mn and Cr
atoms are shown in Fig. 3(a) and (b). In the lower range of con-
centrations of Mn and Cr atoms the values of TC increases sharply,
however, the trend is insigniﬁcant at the higher concentrations ofFig. 3. Curie temperature (TC) in K of (a) (Al,Mn)Sb, and (b) (Al,Cr)Sb for a rangthe dopants. One can notice from the graph that TC reaches at the
values of 600 K and 500 K at about 12% concentration of Mn, and Cr
doped AlSb, respectively.
Evaluation of TC using MFA does not require any information
about the exchange interaction range, which leads to error by
overestimation in the calculated TC at low concentrations [22]. This
behaviour can be explained by the mechanism of magnetic perco-
lation effect, which is the basic obstacle to obtain high TC in the
dilute limit [23]. Due to the short-ranged nature of the exchange
interactions of deep impurity states, TC is lower than RT for low
percolation-path in the dilute ferromagnetic interaction. Percola-
tion problem might be overcome by (i) substantially increasing the
concentration of TM atoms; (ii) increasing the solubility limit; or
(iii) increasing the effective local concentrations by spinodal
decomposition [22,23]. Yet no experimental value of TC is recorded
in the available published literature for ðAl1xMxÞSb type DMS.3.2. Gallium Arsenide (GaAs) type DMS
In this section, the magnetic properties of M doped gallium
arsenide type DMS ðGa1xMxÞAs are investigated using the KKR-
Green's function calculation. Calculated results are summarized in
Table 1 for 10% concentration of M atoms.
Magnetic properties such as total magnetic moment, partial spin
moment, energy difference DE as well as the Curie temperature, TC
for the ðGa1xMxÞAs are tabulated in Table 1. According to the
deﬁning sign of DE the FM states are stable for Ti, V, Cr, and Mn
doped compounds, whereas in the rest of the cases it shows the
lower energy situation of DLM state. When Fe atom is doped withe of impurity concentrations in the dilute limit (z20%) of magnetic atoms.
Table 1
Net magnetic moment (NM) per unit cell, local spin moment (SM) per atom in the
ferromagnetic (FM) state of ðGa1xMxÞAs and energy difference (DE) between the
FM and disorder local moment (DLM) states with Curie temperature (TC) for 10%
concentrations of 3d transition metal atoms. The bracketed values of TC shown in the
last column are calculated using the atomic sphere approximation.
Materials NM ðmB=cellÞ SM ðmB=atomÞ DE (mRy) TC(K)
(Ga0.90 Ti0.10)As 0.088 0.623 0.068 71 (120)
(Ga0.90 V0.10)As 0.198 1.791 0.228 240 (317)
(Ga0.90 Cr0.10)As 0.302 2.921 0.590 621 (786)
(Ga0.90 Mn0.10)As 0.403 3.667 0.373 392 (465)
(Ga0.90 Fe0.10)As 0.349 2.948 0.388 e
(Ga0.90 Co0.10)As 0.187 1.601 0.069 e
Fig. 4. Curie temperature (TC) in K of (a)(Ga,Mn)As, and (b (Ga,Cr)As for a range of impurity concentrations in the dilute limit (z20%) of magnetic atoms.
M. Shahjahan et al. / Computational Condensed Matter 9 (2016) 67e7170GaAs, its DLM state is the lowest in energy consideration. With Co
atom doped compounds, the energy difference is going to be
smaller and still dominates the DLM states. The local spin moment
per atom seems constant, whereas the net magnetic moment of a
doped compound increases gradually with the impurity
concentrations.
There are some exerimental values of TC mostly for (Ga,Mn)As
and a few attempts for (Ga,Cr)As are reported in literature. The
reported highest value of TC for (Ga,Mn)As was found to be 180 K
[24]. However, TC has not surpassed RT. Because of the ferromag-
netic coupling is mediated by holes in (Ga,Mn)As [9], the hole
concentration is one of the key parameters of determining TC. On
the contrary, in Fig. 4(a) and (b) estimated TC is found to be higher
than RT for both the compounds (Ga,Mn)As and (Ga,Cr)As at some
range of concentrations. The changes in TC for both systems have
similar trend at lower concentrations of Mn and Cr atoms. However,
with concentrations higher than 15% super-exchange interaction
prevails over the FM interaction, resulting in the reduction of TC
[25,26].
The low solubility of impurity atoms was explained by the high
blocking phenomena caused by the spinodal decomposition into
nano-clusters of magnetic impurities. The nano-clusters are well
separated having no magnetic interactions for short-ranged nature
and therefore TC is suppressed. The magnetic dipole-dipole in-
teractions and the nano-structures are considered to understand
the magnetism in DMS. In addition, the delta-doping approach was
proposed for high TC magnetic materials [27e30].
Local density approximation (LDA) usually underestimates the
band gap energy of semiconductors. As a result, the band gap en-
ergy obtained by LDA calculation is smaller than the actual values,
for instance, the band gap energy calculated using LDA for ZnO or
GaN is about 1 eV, whereas its actual value is about 3.4 eV [31]. The
presented materials in this research are AlSb and GaAs have
moderately smaller band gaps of 1.6 eV and 1.424 eV at 300 K,
respectively. Therefore, the presented LDA calculations might notbe reasonably compare to the systems of very wide band gap ma-
terials. Besides, self-interaction corrected LDA (LDA-SIC) calculated
values for (Ga,Mn)As are found to be very closer and slightly
smaller than the LDA calculated values [32]. They also agree well
with the experimental data.
More perfections in TC calculation can be obtained with the in-
clusion of the Lloyd's correction [33,34] for energy functional and
density of states in a generalization of the Green's functionmethod.
Especially for the semiconductor systems, there is a limitation in
calculating the Fermi level accurately in KKR-Green's function
method. Because the Fermi level for semiconductor materials
overlap with the valence band and thereby introducing artiﬁcialhole carriers. The hole carriers inﬂuence the ferromagnetic inter-
action rather directly which gives rise to high critical temperature.
4. Summary
We have demonstrated the stability of FM state in the ZB type
DMS ðAl1xMxÞSb and ðGa1xMxÞAs and estimated the TC of these
materials having stable magnetic states. The magnetic atoms
occupy the cation sites and provide magnetic moments with
enhanced electrical conduction. The hybridization of impurity
d electrons with the host valence s or p electrons governs the
magnetism in transition metal doped III-V type compounds. The
trends in the magnetic phase stability and in the TC are found to be
similar in the compound systems. Ti, V, Cr, and Mn doped com-
pounds exhibit stable FM states relative to their DLM states. On the
other hand, Fe, and Co doped compounds show lower total energy
situation in DLM states compare to FM states. This calculation is the
ﬁrst step to predict FMmaterials with the Curie temperature above
RT. Particularly, Mn, and Cr doped materials can be good candidates
for FM with TC higher than RT. In the dilute limit, TC is approxi-
mately proportional to the impurity concentrations. The calculated
properties of DMS may explore a ﬁeld in the spintronics, where
spin-based magnetism plays critical roles.
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